ABSTRACT Using the DNA sequencing technique of Maxam and Gilbert, we show that the protein antibiotic, neocarzinostatin, cleaves double-stranded qX174 DNA restriction fragments almost exclusively at deoxythymidylic and deoxyadenylic acid residues in a reaction requiring 2-mercaptoethanol. Overall, deoxythymidylic acid residues are attacked much more frequently than are deoxyadenylic acid residues, although there is variability in the attack rate for both nucleotides at different locations in the DNA molecule. While all deoxythymidylic acid residues are sites of scission by neocarzinostatin, not all deoxyadenylic acid residues are cleavage sites. There appears to be no clear-cut nucleotide sequence specificity in determining cleavage frequency. Single-stranded DNA is a very poor substrate for neocarzinostatin-induced scission; with one single-stranded DNA fragment, cleavage occurs at a position that is not attacked in double-stranded DNA. The possible significance for its biological activity of a drug that can attack both members of a DNA base pair is discussed. There is much evidence pointing toDNA alan important target in the action of the antitumor protein antibiotic, neocarzinostatin (1, 2). Thus, low levels of neocarzinostatin selectively inhibit DNA synthesis in sensitive bacterial and mammalian cells (3-6), induce degradation of existing DNA in bacteria (7), and produce breaks in DNA in mammalian cell lines (5, 6, (8) (9) (10) (11) . A correlation exists between the ability of the drug to induce breakage of cellular DNA in HeLa cells and its inhibition of DNA replication.and cell growth (6, 11). In addition, cells treated with neocarzinostatin possess chromosomal abnormalities (12, 13) and are blocked in the G2 phase of the cell cycle (13, 14) . Strong support for the involvement of DNA in the action of neocarzinostatin also comes from experiments in which it has been found that the drug is a mutagen for Escherichia coil and that the recA system is implicated in both mutagenicity and cell killing (15) . Further, neocarzinostatin induces unscheduled DNA synthesis in lymphocytes (16) and DNA repair synthesis in intact HeLa cells and isolated nuclei (unpublished data).
ABSTRACT Using the DNA sequencing technique of Maxam and Gilbert, we show that the protein antibiotic, neocarzinostatin, cleaves double-stranded qX174 DNA restriction fragments almost exclusively at deoxythymidylic and deoxyadenylic acid residues in a reaction requiring 2-mercaptoethanol. Overall, deoxythymidylic acid residues are attacked much more frequently than are deoxyadenylic acid residues, although there is variability in the attack rate for both nucleotides at different locations in the DNA molecule. While all deoxythymidylic acid residues are sites of scission by neocarzinostatin, not all deoxyadenylic acid residues are cleavage sites. There appears to be no clear-cut nucleotide sequence specificity in determining cleavage frequency. Single-stranded DNA is a very poor substrate for neocarzinostatin-induced scission; with one single-stranded DNA fragment, cleavage occurs at a position that is not attacked in double-stranded DNA. The possible significance for its biological activity of a drug that can attack both members of a DNA base pair is discussed. There is much evidence pointing toDNA alan important target in the action of the antitumor protein antibiotic, neocarzinostatin (1, 2) . Thus, low levels of neocarzinostatin selectively inhibit DNA synthesis in sensitive bacterial and mammalian cells (3) (4) (5) (6) , induce degradation of existing DNA in bacteria (7) , and produce breaks in DNA in mammalian cell lines (5, 6, (8) (9) (10) (11) . A correlation exists between the ability of the drug to induce breakage of cellular DNA in HeLa cells and its inhibition of DNA replication.and cell growth (6, 11) . In addition, cells treated with neocarzinostatin possess chromosomal abnormalities (12, 13) and are blocked in the G2 phase of the cell cycle (13, 14) . Strong support for the involvement of DNA in the action of neocarzinostatin also comes from experiments in which it has been found that the drug is a mutagen for Escherichia coil and that the recA system is implicated in both mutagenicity and cell killing (15) . Further, neocarzinostatin induces unscheduled DNA synthesis in lymphocytes (16) and DNA repair synthesis in intact HeLa cells and isolated nuclei (unpublished data).
In addition to these effects on DNA structure and function in vivo, neocarzinostatin causes single-strand breaks in helical DNA in vitro in a reaction that is markedly stimulated by a sulfhydryl-containing compound (8, 11) . The breaks in the DNA are not simple phosphodiester nicks (17, 18) , but consist of gaps that bear 3'-and 5'-phosphoryl. termini (19) and from which thymine (18, 20) and smaller amounts of adenine (18) have been released. We now report on the use of the DNA sequencing technique of Maxam and Gilbert (21) to provide additional information on the nucleotide and possible sequence specificity of neocarzinostatin in the reaction in vitro. (21) . Strand Separation. The two double-stranded (ds) 32P-labeled fragments described above were separated into their component single strands by alkaline treatment and gel electrophoresis (21) , and the extent to which ds DNA was reformed was determined by gel electrophoresis. The strand-separated Hinfl long preparation contained 5% of radioactivity in a ds form by renaturation with the contaminating unlabeled complementary strand The strand-separated HinfI short preparation contained 25% in a ds form.
Reaction with Neocarzinostatin. The standard reaction mixture (40 Al) contained 50 mM Tris-HCI (pH 8.2), 5 lsg of calf thymus DNA per ml as carrier, 10 mM 2-mercaptoethanol, 5'-32P-labeled HinfI DNA fragment, and 100,ug of purified neocarzinostatin per ml (a gift of T. S. A. Samy). After incubation at 37°for 30 min, the reaction was stopped by freezing at -700 and the mixture was then lyophilized. Each sample was dissolved in 20 Al of 0.1 M NaOH/I mM EDTA to which was then added 20,l of 10 M urea/0.05% bromphenol blue/xylene cyanol solution, and heated at 900 for 15 sec. A 3-to 6-Al aliquot was loaded onto the gel. Nucleotide Sequencing. The nucleotide sequence of the Z8 fragments was determined by the method described by Maxam and Gilbert (21) . The products generated by the treatment of the DNA fragments with neocarzinostatin were analyzed for the sites of cleavage by polyacrylamide gel electrophoresis, with the chemically produced fragments as markers. The nucleotide Abbreviations: RF I DNA, replicative form I of DNA (covalently closed circular DNA supercoils); ds, double-stranded; ss, single-stranded. sequence of the 4 fragment determined by ti Gilbert method was identical to that reported b (23) .
RESULTS Time Course and Effect of Neocarzinostatin Concentration. As shown in Fig. 1 , neocarzinostatin attacks specific sites in ds DNA. The reaction was almost over by 15 min. Lower concentrations of neocarzinostatin (10 ,g/ml and 1 Mtg/ml) gave the same band pattern as found at 100 tg of neocarzinostatin per ml, but the density of the bands was weaker at the lower levels of drug.
Characteristics of the Reaction. As shown in Figs. 1 and 2 , using the ds ZS-HinfI long fragment, incubation with 2-mercaptoethanol alone or neocarzinostatin alone did not give any clear band. However, the sample containing neocarzinostatin plus 2-mercaptoethanol gave a specific pattern of bands. The bands due to neocarzinostatin treatment were at positions identical with those of the corresponding marker bands. There was no change in either the intensity or the position of the bands on heating at 900 for 30 min in 0.1 M NaOH/1 mM EDTA, except for one band between T and G (positions 10 and 11), which disappeared after heat treatment. This was associated with the appearance of a new band between T and T (positions ,el used for ana-9 and 10). Using the single-stranded (ss) Z7-HinfI long fragn. The standard ment, very little reaction was observed with neocarzinostatin ig fragment was plus 2-mercaptoethanol except for the appearance of one disleocarzinostatin:
tinct band (position 55 or 56), which was not found on drug (6) 
of cleavage by neocarzinostatin is indicated in Fig. 3 and Table  M) 25, 27 , and 51 in the 4-Hinfl long frag- (18) . It was foi ment) provide much weaker bands than others (Figs. 1-3 he reaction strongly (about 70%). In both cases, e base specificity was not changed (data not DISCUSSION rk we were able to identify deoxythymidylic and ic acid residues in helical DNA as sites of attack %statin in the presence of a sulfhydryl compound Lund that the ability of a synthetic or natural DNA ainst the cutting of A DNA by neocarzinostatin its content of these two nucleotides. In fact, the polymer poly[d(A-T)] afforded the best protecwhen poly[d(A-T)] labeled in either the thymine Prtion of the molecule was used as a substrate, the th bases could be demonstrated; the amount of sed was about 15% that of thymine at the same Dtic. The amount of base released correlated well ber of DNA strand scissions. Using the DNA seinique, we also find that neocarzinostatin prefacks deoxythymidylic and deoxyadenylic acid DNA, although one deoxycytidylic acid residue the short fragment was weakly attacked. Certain rtidylic and deoxyguanylic acid residues (e.g., 1, 24 , and 26 in the long fragment) provide exends. It is of interest that both members of a base amidylic and deoxyadenylic acids, are the main ocarzinostatin, for the chances of producing breaks in AT-poor and homopolymeric regions antly increased over that caused by the otherwise nent of single-strand scissions. Since double-and ad breaks are considered to be lethal events (24), These data are a composite taken from Fig. 3 of all the nearestneighbor sequences for deoxythymidylic and deoxyadenylic acids existing in both fragments of Z8 DNA. Since only one deoxycytidylic acid residue was a clear site of cleavage, the nearest-neighbor sequence for that residue only is shown. The middle nucleotide of the triplet is the site of attack.
this action of neocarzinostatin may be important in determining its cytotoxicity.
Although all deoxythymidylic acid residues are cleavage sites for neocarzinostatin, there is considerable variability in the frequency with which different residues are attacked. On the other hand, although some deoxyadenylic acid residues are relatively frequent sites of cleavage, this is not nearly as common as for deoxythymidylic acid, and some residues are not attacked at all under the conditions used. These data are in complete agreement with the protection and base release experiments (18) . Neocarzinostatin has no clear specificity for neighboring nucleotides, although in three instances deoxythymidylic acid [in position 25 and 51 in the long fragment and in position 40 in the short fragment (data not shown)] with deoxyguanylic acid at its 5'-side was an infrequent site of scis sion. While these data suggest that neocarzinostatin recognizes only a single nucleotide in DNA, deoxythymidylic or deoxyadenylic acid, there clearly is preference for cleavage at certain positions over others, as revealed by the differing band intensities on the gels. This conclusion from the sequencing studies that the deoxythymidylic acid residues are not attacked strictly randomly is supported by the earlier experiments in which the nucleotide at the 5' end of the scission did not reflect simply the nearest-neighbor pattern for deoxythymidylic acid in X DNA (18) . In addition, treatment of bacteriophage fd DNA with low levels of neocarzinostatin produced specific bands (18 (18) . Since it appears that these DNAs contain highly ordered base-paired regions (25) , it is possible that this accounts for their ability to act as substrates. The data reported here also indicate that neocarzinostatin works best on helical DNA. In the reaction with the ss long fragment, very weak bands were obtained with almost the same distribution pattern as for the ds fragment. However, one distinct band was found to be peculiar to the reaction with the ss fragment. By contrast, in the reaction containing the ss short fragment, there appeared to be essentially no cleavage of the DNA at all. It is likely that, with the one exception already noted, the weak bands produced in the reaction with the preparation of ss long fragment are due to the contamination by ds DNA. The unique band represents cleavage at a nucleotide, deoxycytidylic acid, not ordinarily attacked by neocarzinostatin in ds DNA. A dose-response relationship existed between the level of neocarzinostatin and the extent of strand cleavage, but the basic band pattern did not change at the different concentrations. Similarly, a longer heating step in alkali (900 for 30 min) did not change the band positions or densities except for the disappearance and appearance of the band mentioned in the Results. Because of its atypical mobility (between positions 10 and 11 in the long fragment) this band may represent a cleavage fragment bearing some part of a sugar residue or lacking the 3'-phosphate. Since alcohols and NaCl stimulate and inhibit, respectively, the degradation of DNA by neocarzinostatin (unpublished observation), we tested their effects in altering the cleavage reaction as analyzed by the sequencing procedure. Although the expected stimulation or inhibition of scission was found, as indicated by the change in band intensities, the basic pattern of the bands relative to one another was not altered.
The neocarzinostatin-produced bands are at the same positions as the marker bands. Since both the chemical procedure of Maxam and Gilbert (21) and the reaction with neocarzinostatin (19) produce DNA fragments with 3'-and 5'-phosphate end groups, this is the expected result.
